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Nitrogen budgets

The mean TDN input in precipitation for all watersheds was composed of
28% NH4-N, 53% NO3-N, and l9%o DON. The average TDN output was

composed of 5% NHa-N, 36% NO3-N, and 59o/o DON. At all watersheds

except SR, the majority of N entering in precipitation was in an inorganic

form and the majority of N leaving in streamflow was in an organic form
(Table 3). SR was an exception as most of the N in streamwater at this water-

shed was in the NO3-N form(72%\ and a smaller fraction was in an organic

torrr'(24%).
Inputs of NO3-N ranged from3.2 to 6.2kgha-r yr-l, NH4-N ranged from

2.163.6kg ha-r yr-l, and DON ranged ranged from 1.3 to2.4kgha-t yr-r
(Table 3). The N outputs in streamflow were lowest for NHa-N (<0.3 kg ha-t
yr-r;, and higher and more variable for NO3-N (range : <0.1 to 2.1kgha-l
yr-l) and DON (0.5 to 2.4 kg ha-l yr-l). Subtracting outputs ftom inputs

showed that there always were net gains in TDN (4'7 to l0 kg ha-t yt-t),
NO3-N (1.7 to 5.7 kgha-t yr-r) and NH4-N (2.0 to 3.3 kg ha-l yr-t;' OON

was the only form of N not showing a net retention in all watersheds. Net

DON values were minimal (-0.8 to 1.5 kg ha-l yr'-l) but gains were greater

and more common than losses (Table 3).

CP was unique among the study sites in that it had a greater percentage

of inorganic N leaving the system as NHa-N (17%) than as NO3-N (4%).

At other watersheds, sffeam DIN outputs were dominated by NO3-N, and

NH4-N outputs were less than l0o/o of TDN. The DON outputs were highest

at HB9 Q.ake ha-l yr-r, 1995-1996). Also at this watershed, DON made

up the greatest portion of TDN (80%) in stream exports during the sampling

period.lhe arurual rctention of TDN was greatest atHBT (10.0 kg ha-r yr-l
during 1996-97) and smallest alLB6{&..7 kgha-1 yr-r).

DOC/DON relationships

There were significant correlations between concentrations of DOC and DON

in precipitation at all watersheds and in streamwater aI alI watersheds except

LB4. The streamwater relationship was stronger for watersheds with higher

concentrations ofDOC, such as LB8 (f :0.65, P < 0.01) than for watersheds

with lower DOC, such as SR (l = 0.05, P: 0.02). There was a weak but

statistically significant relationship between DOC concentrations and stream

discharge at all watersheds (l : 0.04 to 0.52). The input-output budgets

for DOC differed from those for DON in that annual outputs of DOC in
streamwater exceeded inputs in precipitation at all watersheds except for SR

during 1996-1997. The resulting net difference of DOC ranged from -91.2
kg ha-r yr-l at HB9 during 1995-1996 to 5.7 kg ha-r at SR during 1996-
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Table 3. Anngal nitrogern budgets (kg ha-l yr-l;. \hlues in parentheses indicate respective percentage of NlIa-N, NO3-N, and DON in TDN.

Net equals difference between inputs and ouhuts.

HB5 IIBT IIBS I{89 CP SR LB4 LB6 LB8

Item 9s-96 96-97 9s-96 96-97 9546 9ffi7 9s-96 96-97 9s-96 96-97 9s-96 96-97 94-95 94-9s 94-9s

0.1

(4)

0.6

(26)

1.6

(70)

2.3

0.0

(0)

1.8

(62)

1.1

(38)
ao

2.t
(28)

4.2

(s5)

1.3

(17)

7.6

0.0

(0)

1.0

(56)

0.8

(44)

1.8

t{

(28)

4.7

(53)

1.7

(1e)

8.9

0.0

(0)

2.t
(81)

0.5

(1e)

2.6

0.3

(e)

2.1

(62)

1.0

Qe)
3.4

2.4

(26)

5.2

(s7)

1.6

(t7)
9.2

0.1

(4)

0.8

(35)

1.4

(61)

2.3

(26)

5.2

(57)

2.4

1.6

(17)

9.2

0.1

(4)

1.3

3.0

(34)

4.5

(50)

1.4

(16)

E.9

0.1

(10)

0.0

(0)

0.9

(e0)

3.6

(3e)

3.8

(41)

1.9

(20)

9.3

2.t
(28)

4.2

(ss)

1.3

(17)

7.6

2.1

(28)

4.2

(5s)

1.3

(17)

7.6

2.4 2.8 2.4 2.8 3.0

Q6) Qs) Q6) (25) (40)

5.1 6.1 5.2 6.1 3.2

(s6) (s4) (57) (s4) (42)

1.6 2.3 1.6 2.3 1.4

(18) (2t) (17) (2r) (18)

9.1 11.2 9.2 lt.z 7.6

0.1 0.1 0.1 0.1 0.3

(3) (5) (3) (4) (23)

t.2 0.7 0.5 0.4 0.1

(3e) (33) (17) (16) (8)

1.8 1.3 2.4 2.0 0.9

(s8) (62) (80) (80) (6e)

3.1 2.1 3.0 2.5 1.3

2.0

3.6

-0.3
5.3

2.1

2.4

0.2

4.7

2.1

3.2

0.5

5.8

2.5

2.6

7.2

6.3

3.3

1.7

0.9

5.9

2.9

4.5

0.5

7.9

2.7

5.4

1.0

9.1

2.9

(2s)

6.2

(54)

2.4

(21)

I 1.5

0.0

(0)

0.6

(40)

0.9

(60)

1.5

2.7

(2s)
5.8

(54)

2.2

(2r)
10.7

0.0

(0)

0.4

(25)

1.2

(75)

1.6

(48)

Input

NHa-N

vt
NO3-N
(o/o)

DON
(%o)

TDN

Output

NHa-N
(%)

NO3-N
(/t
DON
(%)

TDN .0

1.3

2.7

(48)

Net

NHa-N 2.3

NO3-N 4.4

DON 0.2

TDN 6.9

2.3

4;l

-0.E
6.2

2.7

5.7

0.3

8.7

2.7

3.1

0.5

6.3

2.3

3.9

-0.2
6.0

2.9

5.6

1.5

10.0

2.3

3.9

0.3

6.5

2.7

5.4

1.0

9.1

UJ
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1997 (Table 4). The ratio of organic C:N in inputs and outputs (Table 4)

reflects these differences with higher ratios in streamwater (range : 17 to

5 1) than in precipitation (range : 7 to 10).

Discussion

Importance of DON

DON is a measurable component of N in both precipitation and streamwater

in the northeastern United States. During the study period, inputs of DON
ranged from 1.3 to 2.4 kg ha-l yr-t and outputs ranged from 0.5 to 2'4 kg
ha-l yr-1. A substantial amount of TDN in precipitation was composed of
DON (16 to 2lYo), and in some watersheds DON was the dominant forrn of
N (up to 90Yo at CP) in steamwater (Table 3). Despite the high percentage of
DON in TDN, the flux of DON in inputs and outputs was small compared to

soil N pools. N capitals at HB, for example, are 1,300 kg N ha-l in the forest

floor and 5,900 kg N ha-r in the mineral soil, compared to DON inputs of 2.0

kg ha-l yr-r lHuntington et al. 1988).

Although all of the study watersheds showed a net accretion of N, little
of this net accretion was due to net DON retention. The retention of N in
study watersheds can be attributed to net retention of both NO3-N and NIIa-N
but not DON resulting in sfieamwater TDN losses dominated by DON. This

dominance of DON in streamwater exports is common in watersheds from
various biomes, including remote temperate watersheds in Chile (Hedin et

al. 1995), neotropical watersheds in general (Lewis eI al.1999), and boreal

watcrshcds in Finlond (Kortelainen et al. 1997). We suspect that only in
regions with large anthropogenic inputs of inorganic N will N losses from

forested catchments be predominantly inorganic. Although the immediate

impacts of DON on aquatic ecosystems are not as sigrrificant as those of
inorganic N, DON is potentially bioavailable (Seitzinger & Sanders 1997)

and must be considered in any budgetary analysis ofN flux.
There were no discernable seasonal trends in DON during the study period

(Figures 2-3). There was variation in the concentration of DON from month

to month, but a comparison of the 2years showed no indication of a consistent

pattern. In other studies in the northeastem United States, DON in forest floor
leachates exhibited seasonal increases during the late summer and early fall
(Cunie et al. 1996). This finding has been attributed to enhanced decom-

position of organic matter in the summer and new litter inputs following
senescence. We did not see this trend in streamwater (Figure 3) probably

because any seasonal response in streamwater is dampened by interactions

between DON and mineral soils (Qualls & Haines 1992) or that DON concen-
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Table 4. AwnalDOC and DON budgets (kg ha-t yr-t) *d C:N ratios.

HB6 IIBT I{88 I{B9 CP SR LB4 LB6 LB8

Item 9s-96 96-97 95-96 9Gl97 95-96 9ffi7 9546 96-97 9s-96 96-97 95-96 96-97 94-95 94-95 94-95

Input

DOC

DON

C:N

Output

DOC

DON

C:N

14.2

1.6

9

16.1

2.2

7

-10.2
1.0

14.3

1.6

9

t7.2

2.4

7

14.2

1.6

9

44.9

1.8

25

-30.7
-0.2

14.5

1.6

9

-91.2
-0.8

16.8

2.3

7

-80.9
0.3

14.1

1.4

10

14.0

1.4

10

17.1

1.9

9

17.2

1.0

17

-0.1
0.9

17.2

1.7

10

5.7

1.2

11.6

1.3

9

65.4

1.6

41

-53.8
-0.3

16.8

2.3

7

105.

2.4

44

23.3

0.9

26

26.3

1.2

23

I1.6

1.3

9

I r.6

1.3

9

31.4

1.4

22

-17.2
0.2

26.5

1.3

20

-12.2
0.3

-6.1
1.5

44.3

1.3

34

-27.5
1.0

2s.0

0.8

31

-13.4
0.5

29.1,

1.1

26

-17.5
0.2

7 I 1.5

0.5

23

38.6

0.9

42

46.3

0.9

51

97.7

2.0

50

Net

DOC

DON
-322 -24.6
0.5 0.5

u)
-l
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trations are affected by riparian zone (Hedin et al. 1998) or within-stream

processes (Sun et al.1997).
The 2 years of data collected at HB, CR and SR show that differences in

input-output budgets ofN are driven by annual variation in precipitation and

streamflow rather than by differences in DON concentrations. Streamwater

DON concentrations appear relatively unaffected by hydrological events such

as rain storms and snowmelt runoff (see correlations presented earlier). In
contrast, increases in DOC with discharge are consistent with results from

similar studies and have been attributed to increased leaching of throughfall
and changes in flow paths from mineral horizons to organic soils dwing rain-

storms and snowmelt runoff(McDowell & Likens 1988; McDowell & Wood

1984; Newbold et al. 1995). The significant correlation between DOC and

DON at most watersheds suggests that both forms of organic matter behave

similarly, but DON appears less affected by discharge than DOC'
The importance of DON in the N cycle is difficult to assess because

of uncertainties regarding its composition, sinks, sources, and bioavail-

ability. Some of the DON input is presumably of natural origin, as it is

found in precipitation from relatively remote areas (Eklund eI al. 1997).

Human perturbations such as biomass buming and industrial combustion also

contribute DON to precipitation (Russell et al. 1998)' Sources of stream-

water DON include throughfall, leaching, and decomposition of litter and

soil organic matter, plant exudates, fine-root and mycorrhizal turnover, and

the waste products of macro and microorganisms. Sinks for DON in soils

include adsorption in both organic and mineral horizons, and to a far less

extent direct removal of DON by roots and mycorrhizae (Finlay et al' 1992;

Northup et al. 1995; Qualls & Haines 1992).

DOC:DON (C:N) ratios

Several studies indicate that in the forest floor, mineralization, nitrification,
and subsequent losses of DIN in leachates are negatively correlated with
soil C:N ratios (Gundersen et al. 1998b; McNulty et al. 1991). We found a
similar negative correlation between annual DIN losses (particularly NO:-N)
and streamwater organic C:N ratios (Figure 4). We cannot be certain of the

cause of this correlation, but suspect that streamwater C:N ratios reflect soil

C:N ratios and hence the availability of inorganic N in each watershed. In
areas where the supply of N exceeds the biological demand for N, foliage

typically has a higher N content (Aber et al. 1995), which would cause a

reduction in the forest floor C:N ratio and an increase in NO3-N leaching.

At the watershed level, this interaction between C and N could result in high
DIN losses.
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Figure 4. Regression of streamwater DIN exports (kg ha-l yr-l) on streamwater C:N ratio.

Points represent the mean annual value for each site.

Streamwater C:N ratios may be an effective indicator of susceptibility to

N saturation and could be used to monitor the N status of sites. Gundersen et

al. (1998a) suggested this possibility using forest-floor C:N ratios. Measure-

ments of streamwater DOC and DON may offer some advantages over soil

C:N ratios because streamwater values are relatively easy to obtain and are

not subject to the seasonal fluctuations associated with DIN. Additionally,
streamwater C:N ratios provide an integrated signal for the entire watershed

and reduce the problem of spatial variability associated with soil sampling.

Although concentrations of DOC and DON were variable over time at some

of the watersheds we studied, both forms of organic matter behave similarly

with respect to hydrologic changes, resulting in relatively constant ratios.

Streamwater C:N ratios thus may prove to be a useful tool in characterizing

nitrogen dynamics at the watershed scale.

a sR 9s96
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o cP 96-97

o LB8 94-9s
O HBs s$96

a HBg 96-97

acP e$e6

LB4 94-95

y=-1.31Ln(xl+S.tt
R2 = 0.48

O HB7 96-97

O HB6 9s97

HB6gs96o HBgg&97

DOVER 002435



t40

Acknowledgments

Funding for this work was provided by grants by the USDA Forest Service's,

Northeastem Research Station and by the National Science Foundation

(Long-term Ecological Research and Long-term Research in Environmental

Biology) and A. W. Mellon Foundation grants to Gene E. Likens. We thank

Robert Smith for modiffing and applying computer programs used to calcu-

late budgets, Michelle Alexander, Amey Bailey, Ian Halm, Ralph Perron,

Brian Dresser and Jonathan Crowdes for field assistance, Jane Hislop and Jeff
Merriam for conducting chemical analyses, Wayne Martin and Scott Bailey
for their technical expertise, Linda Pardo for reviewing this manuscrip, and

three referees for helpful comments.

References

Aber JD, Nadelhoffer KJ, Steudler P & Melillo JM (1989) Nitrogen saturation in northern

forest ecosystems. BioScience 39: 378-386
Aber JD, Magill A, McNulty SG, Boone RD, Nadelhoffer KJ, Downs M & Hallett R (1995)

Forest biogeochemistry and primary production altered by nitrogen saturation' Water, Air,
and Soil Pollut. 85: 1665-1670

Agren GI & Bosatta E (1988) Nitrogen saturation in terrestrial ecosystems. Environ. Pollut.

54:185-197
Buso DC, Martin CW & Hornbeck JW (1984) Potential for acidification of six remote ponds

in the White Mountains of New Hampshire. New Hampshire Water Resour. Res. Cent.

Res. Rep. No. 43

Chapman PJ, Edwards AC, Reynolds B, Cresser MS & Neal C (1998) The nitrogen content

of rivers in upland Britain; The significance of organic nitrogen- In: Hydrology, Water

Resources and Ecology in Headwaters, Proceedings of HeadWater '98 Conference, April
1998 (pp 443450). Meran/Merano, Italy. IAHS Publ. No.248

Cunie WS, Aber JD, McDowell WH, Boone RD & Magill AH (1996) Vertical transport of
dissolved organic C and N under longterm N amendments in pine and hardwood forests.

Biogeochemistry 35: 471-505
Eklund TJ, McDowell WH & Pringle CM (1997) Seasonal variation of tropical precipitation

chemistry: La Selva, Costa Rica. Atmos. Environ. 31 : 3903-3910

Federer CA (1997) BROOKS0: A Simulation Model for Evaporation, Soil Water, and Stream-

flow, Version 3.2. Computer Freeware and Documentation. USDA For. Serv., Northeast.

For. Exp. Stn., Durham NH
Federer CA, Flynn LD, Martin CW, Hombeck JW & Pierce RS (1990) Thirty years of hydro-

meteorologic data at the Hubbard Brook experimental forest, New Hampshire. USDA For.

Serv. Gen. Tech. Rep. NE-141
Federer CA & Lash D (1978) BROOK: A hydrologic simulation model for eastem forests.

New Hampshire Water Resour. Res. Cent., Res. Rep. No. 19

Finlay RD, Frostegird A & Sonnerfeldt AM (1992) Utilization of organic and inorganic

nitrogen sources by ectomycorrhizal fungi in pure culture and in symbiosis with Pizzs

contorta Dougl Ex Loud. New Phytol. I 20: I 05-l I 5

DOVER 002436



t4t

Gundersen P, Callesen I & de Vries W (1998a) Nitrate leaching in forest ecosystems is related

to forest floor C/N ratios. Environ. Pollut. 102: 403407
GundersenP,EmmettBA, Kjonaas OJ, Koopmans CJ& TietemaA (1998b) Impactof nitrogen

deposition on nitrogen cycling in forests: A synthesis of NITREX data. For. Ecol. Manage.

101: 37-55
Harriman R, Curtis C & Edwards AC (1998) An empirical approach for assessing the rela-

tionship between nitrogen deposition and nitrate leaching from upland catchments in the

United Kingdom using runoffchemistry. Water, Air, and Soil Pollut. 105: 193-203

Hedin LO, Armesto JJ & Johnson AH (1995) Patterns of nutrient loss from unpolluted, old-
grovith temperate forests: Evaluation ofbiogeochemical theory. Ecology 76:493-509

Hedin LO, von Fischer JC, Ostrom NE, Kennedy BP, Brown MG & Robertson GP
(1 998) Thermodynamic constraints on nitrogen transformations and other biogeochemical

processes at soil-stream interfaces. Ecology 79:684-703
Hombeck JW & Lawrence GB (1997) Eastern forest fires can have long-term impacts on

nitrogen cycling. In: Diverse Forests, Abundant Opportunities, and Evolving Realities,

Proceedings 1996 Society ofAmerican Foresters Convention, Albuquerque, NM (pp 435*
436). Society of American Foresters Convention, November 9-13, 1996, Albuquerque,
NM. SAF Publ. 97-03

Hombeck JW, Martin CW, Pierce RS, Bormann FH, Likens GE & Eaton JS (1986) Clear-

cutting northem hardwoods: Effects on hydrologic and nutrient ion budgets. For. Sci. 32:

667-486
Huntington TG, Ryan DF & Hamburg SP (1988) Estimating soil nitrogen and carbon pools in

a northern hardwood forest ecosystem. Soil Sci. Soc. Am. J. 52: 1162-1167
Kortelainen P, Saukkonen S & Mattsson T (1997) Leaching of nitrogen from forested

catchments in Finland. Globl. Biogeochem. Cycles 11: 627438
LajthaK, Seely B & Valiela I (1995) Retention and leaching losses ofatmospherically-derived

nitrogen in the aggrading coastal watershed of Waquoit Bay, MA. Biogeochemisty 28:

33-54
Lewis WM, Melack JM, McDowell WH, McClain M & Richey JE (1999) Nitrogen yields

from undisturbed watersheds in the Americas. Biogeochemistry 46: 149-162
Likens GE & Bormann FH (1995) Biogeochemistry of a Forested Ecosystem (2nd edn).

Springer-Verlag, New York
Likens GE, Edgerton ES & Galloway JN (1983) The composition and deposition of organic

carbon in preclpitation. Tellus 35: 16-24
McDowell WH & Asbury CE (1994) Export of carbon, nitrogen and major ions from three

tropical montane watersheds. Limnol. Oceanogr. 39: 111-125
McDowell WH, Currie WS, Aber JD & Yano Y (1998) Effects of chronic nitrogen amend-

ments on production of dissolved organic carbon and nitrogen in forest soils. Water, Air,
and Soil Pollut. 105: 175-182

McDowell WH & Likens GE (1988) Origin, composition, and flux of dissolved organic carbon

in the Hubbard Brook Valley. Ecol. Monogs. 58: 17 7 -195
McDowell WH & Wood T (1984) Podzolization: Soil processes control dissolved organic

carbon concentrations in stream water. Soil Sci. 137:2312
McNulty SG, Aber JD & Boone RD (1991) Spatial changes in forest floor and foliar chemistry

of spruce-fir forests across New England. Biogeochemistry 14: 13-29
Merriam J, McDowell WH & Cunie WS (1996) A high-temperature catalytic oxidation

technique for determining total dissolved nitrogen. Soil Sci. Soc. Am. J. 60: 1050-1055

DOVER 002437



142

Newbold JD, Sweeney B[ Jackson JK & Kaplan LA (1995) Concentrations and export of
solutes from six mountain streams in northwestem Costa Rica. J. North Am. Benthol. Soc.

14:2117
Northup RR, Yu Z, Dahlgren RA & Vogt KA (1995) Polyphenol control ofnitrogen release

from pine litter. Nature 377:227-229

Qualls RG & Haines BL (1992) Biodegradability of dissolved organic matter in forest

throughfall, soil solution, and stream water. Soil Sci. Soc Am. J. 56: 578-586

Qualls RG, Haines BL & Swank WT (1991) Fluxes of dissolved organic nutrients and humic

substances in a deciduous forest. Ecology 72:254-266
Russell KM, Galloway JN, Macko SA, Moody JL & Scudlark JR (1998) Sources of nitrogen

in wet deposition to the Chesapeake Bay Region. Atmos. Environ. 32:2453-2465
Scudlark JR, Russell KM, Galloway JN, Church TM & Keene WS (1998) Organic nitrogen

in precipitation at the mid-Atlantic U.S. Coast - methods evaluation and preliminary

measurements. Atmos. Environ . 32: 77 19-17 28

Seitzinger SP & Sanders RW (1997) Contribution ofdissolved organic nitrogen from rivers to

estuarine eutrophication. Mar. Ecol. Prog. Ser. 159: l-12
Sollins P & McCorison FM (1981) Nitrogen and carbon solution chemistry of an old growth

conifbrous fbrest watershed before and after cutting. Water Resour. Res. l7: 1409-1418

Sun L, Perdue EM, Meyer JL & Weis J (1997) Use of elemental composition to predict

bioavailability of dissolved organic matter in a Georgia river. Limnol. Oceanogr. 42:

7t4-721
Suzuki Y Sugimura Y & Itoh T (1985) A catalytic oxidation method for the determination of

total nitrogen dissolved in seawater. Mar. Chem. 16:83-97
Thorne JF, Anderson JE & Horiuchi KM (1988) Cation cycling in a base-poor and base-rich

northern hardwood forest ecosystem. J. Environ. Qual. 17: 95-101

Walsh TW (1989) Total dissolved nitrogen in seawater: A new-high-temperature combustion

method and a comparison with photo-oxidation. Mar. Chem. 26: 295-il1
Yavitt JB & Fahey TJ (1984) An experimental analysis ofsolution chemistry in a lodgepole

pine forest floor. Oikos 43: 222-234

DOVER 002438




